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ANALOG-TO-DIGITAL CONVERTER AND
METHOD OF GAIN ERROR CALIBRATION
THEREOFK

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/951, 234, filed on Jul. 23, 2007, the

entirety of which 1s incorporated by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The i1nvention relates to analog-to-digital converters
(ADC), and more particularly to gain error calibration of
ADCs.

2. Description of the Related Art

An analog-to-digital converter converts an analog input
signal to a digital output signal. Analog-to-digital converters
are classified into several categories including flash ADCs,
pipelined ADCs, and cyclic ADCs. Among the three ADC
categories, a flash ADC has the shortest latency, because it has
the simplest circuit structure. A flash ADC comprises mul-
tiple comparators directly comparing an analog input signal
with multiple reference voltages to generate a digital output
signal. When the required resolution of a digital output signal
increases, a tlash ADC must include a great number of com-
parators, increasing circuit complexity and chip area thereof.
Thus, a tlash ADC 1s only used when resolution of the digital
output signal 1s low.

Compared with a flash ADC, a pipelined ADC and a cyclic
ADC require fewer comparators and occupy less chip area to
generate a high resolution digital output signal. FIG. 1 1s a
block diagram of a conventional pipelined ADC 100. The
pipelined ADC 100 comprises a plurality of stages 101-10N
connected 1n series, with each stage generating a few bits of
the digital output signal D__ .. In the series, a preceding stage
generates a stage output value indicating more significant bits
of the digital output signal D_, ., subtracts the stage output
value from 1ts stage input signal to obtain a residual signal,
and amplifies the residual signal to obtain a stage output
signal. A subsequent stage then receives the stage output
signal of the preceding stage as a stage input signal thereof,
and 1n the similar way generates its stage output value indi-
cating less significant bits of the digital output signal D_ .. For
example, the second stage 102 generates a stage output value
d_, and a stage output signal R, according to 1ts stage input
signal R,, which 1s the stage output signal of the first stage
101. The gain error correction module 120 then collects the
stage output values d_,~d_,, of stages 101~10N to generate
the final digital output signal D_ . Because each stage only
generates a few bits of the digital output signal D, the signal
resolution of the stage output value 1s lower and each stage
requires fewer comparators to operate.

FIG. 2 1s a block diagram of the first stage 101 of the
pipelined ADC 100 of FIG. 1. The first stage 101 comprises a
sample and hold module 202, a sub ADC 204, an adder 206,
a sub DAC 208, a subtractor 210, and an amplifier 212. The
sample and hold module 202 samples and holds a stage input
signal V. . Because the stage 101 1s the first stage of the
pipelined ADC 100, the stage input signal V, 1s an analog
input signal of the ADC 100. The sub ADC 204 then digitizes
the stage input signal V to generate a stage output value d_,
indicating the most important bits of the digital output signal
D_ . of the pipelined ADC 100. In one embodiment, the sub
ADC 204 1s a flash ADC.
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The adder 206 then adds a correction number P, to the stage
output value d_, to obtain a sum value. The sub DAC 208 then
converts the sum value from digital to analog to obtain a sum
signal, and the subtractor 210 subtracts the sum signal from
the stage input signal V, to obtain a residual signal. The
amplifier 212 then amplifies the residual signal according to a
gain value G to generate the stage output signal R ;. The stage
output signal R, 1s then recerved by a subsequent stage 102 as
the stage input signal thereot, and the subsequent stages 102
similarly generate the stage output value d_, thereof. The
other stages of the pipelined ADC 100 have a structure similar
to that of the first stage 101 except for omission of the sample
and hold module 202 and the adder 206. In other stages
without an adder 206, a subtractor 210 directly subtracts a
stage output value converted by a sub DAC 208 from the stage
input signal to generate a residual signal, which 1s then ampli-
fied by an amplifier 212 to generate a stage output signal.

Betore a stage delivers the residual signal to a subsequent
stage, the residual signal 1s amplified according to a gain
value, thus, the subsequent stage can more precisely generate
a stage output value. Although an ideal gain value of a stage 1s
predetermined to be a constant, a practical gain value of a
stage often changes due to chip fabrication errors or chip
temperature. The difference between the practical gain value
and the 1deal gain value 1s referred to as a gain error. Because
the gain error of a current stage atfects the stage output values
ol subsequent stages, the gain error must be calibrated when
the final digital output signal D_ _ 1s generated according the
stage output values d_,~d_.. Thus, the gain error correction
module 120 of FIG. 1 must estimate the gain error of some of

the stages to improve precision of the digital output signal
D

Out’

To estimate the gain error of the first stage 101 of FIG. 1,
the gain error correction module 120 generates a correction
number P, and delivers the correction number P, to the first
stage 101. The first stage 101 then processes the residual
signal thereof according to the correction number P, before it
1s amplified by the amplifier 212, as shown 1n FIG. 2. Thus,
the stage output signal R, of the first stage 101 1s affected by
the gain value of the amplifier 212 and values of the correction
number P,. Because the stage input signals R, ~R,,_, of the
subsequent stages 102~10N are derived from the stage output
signal R, of the first stage 101, the stage output values
d_,~d_a- of the subsequent stages 102~10N are affected by
values of the correction number P, . The gain error correction
module 120 then correlates the stage output values d_,~d_,,of
the subsequent stages 102~10N with the correction number
P, to estimate an error ol the gain value of the amplifier 212 of
the first stage 101.

The gain error correction module 120 must collect a great
number of samples of the stage output values d_,~d ., to
estimate the gain error of the first stage 101. The precision of
the gain error estimate increases with the number of collected
samples. If the number of collected samples 1s reduced, a low
precision gain error estimate results, reducing the precision of
the final digital output value D_ . thus degrading perfor-
mance of the ADC 100. If the number of the collected samples
1s 1ncreased, the time required by collecting samples causes
latency 1n signal conversion. Thus, a method for reducing
time required for estimating gain errors of an ADC without

reducing precision of a digital output signal is desirable.

BRIEF SUMMARY OF THE INVENTION

The invention provides an analog-to-digital converter
(ADC). The ADC comprises a plurality of stages connected in
series, a gain error correction module, and a look-ahead mod-
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ule. Each of the stages derives a stage output value from a
stage input signal and generates a stage output signal as the
stage mput signal of a subsequent stage, wherein one of the
stages 1s selected as a target stage for estimating a gain value
thereol. The gain error correction module delivers a correc-
tion number to the target stage to affect the stage output signal
of the target stage and the stage output values of subsequent
stages of the target stage, recerves at least one auxiliary output
value from a look-ahead module dedicated to the target stage,
and dertves an error estimate of the gain value of the target
stage from the stage output values and the auxiliary output
value. The look-ahead module generates the auxiliary output
value according to the stage output value of the target stage,
wherein the auxiliary output value 1s not affected by the
correction number.

The 1invention provides a method of gain error calibration
in an analog-to-digital converter (ADC). The analog-to-digi-
tal converter comprises a plurality of stages connected in
series. Each of the stages derives a stage output value from a
stage mput signal and generates a stage output signal as the
stage 1nput signal of a subsequent stage, wherein the stage
output signal of a target stage selected from the stages is
generated according to a correction number.

The method may comprise the following steps. Atleastone
auxiliary output value 1s generated according to the stage
output value of the target stage, wherein the auxiliary output
value 1s not affected by the correction number. A weighted
sum 1s generated according to the stage output values of
subsequent stages of the target stage. An auxiliary portion
corresponding to the auxiliary output value 1s subtracted from
the weighted sum to obtain a remainder value. An error esti-
mate of a gain value of the target stage 1s then derived accord-
ing to the remainder value.

A detailed description 1s given in the following embodi-
ments with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The mnvention can be more fully understood by reading the
subsequent detailed description and examples with refer-
ences made to the accompanying drawings, wherein:

FI1G. 1 1s ablock diagram of a conventional pipelined ADC;

FI1G. 2 1s a block diagram of the first stage of the pipelined
ADC of FIG. 1;

FIG. 3 1s a block diagram of a pipelined ADC implement-
Ing gain error estimation of a first stage according to the
imnvention;

FI1G. 4 1s a block diagram of the first stage of the pipelined
ADC of FIG. 3 according to the invention;

FIG. 5 shows an estimation process of a gain error in a
conventional gain error correction module of FIG. 1;

FIG. 6 shows a pipelined ADC estimating gain errors of all
stages therein according to the invention; and

FI1G. 7 1s a block diagram of a cyclic ADC according to the
invention

DETAILED DESCRIPTION OF THE INVENTION

The following description i1s of the best-contemplated
mode of carrying out the invention. This description 1s made
for the purpose of illustrating the general principles of the
invention and should not be taken in a limiting sense. The
scope of the invention 1s best determined by reference to the
appended claims.

FI1G. 3 1s a block diagram of a pipelined ADC 300 imple-
menting gain error estimation of a first stage 301 according to
the mnvention. The pipelined ADC 300 1s roughly similar to

10

15

20

25

30

35

40

45

50

55

60

65

4

the pipelined ADC 100 of FIG. 1 with the exception of the first
stage 301 and the gain error correction module 320. To esti-
mate a gain error of the first stage 301, the gain error correc-
tion module 320 generates a correction number P, fed to the
first stage 301. After the first stage 301 generates a stage
output value d_,, the first stage 301 subtracts the stage output
value d_, from its stage input signal V, to obtain a residual
signal, processes the residual signal according to the correc-
tion number P,, and then amplifies the residual signal accord-
ing to a gain value to generate a stage output signal R, as the
stage 1nput signal of a subsequent stage 302.

The subsequent stages 302-30N generate stage output val-
ues d_,~d_,,and stage output signals R,~R,, , 1n the similar
manner as the first stage 301, except that the stage output
signals R,~R,,_ , are not processed with correction numbers
dedicated to the stages thereof. Because the stage mnput sig-
nals R,~R,._, of the subsequent stages are determined
according to the stage output signal R, of the first stage 301,
the stage output values d_,~d ., are aifected by values of the
correction number P, . The gain error correction module 320
then estimates an error of the gain value of the first stage 301
according to the stage output values d_,~d_,, of the subse-
quent stages 302-30N and the correction number P, . The gain
error indicates a difference between a practical gain value and
a predetermined gain value of the first stage 301.

Different from the first stage 101 of the pipelined ADC 100
of FI1G. 1, the first stage 301 of the pipelined ADC 300 further
comprises a look-ahead module. The look-ahead module of
the first stage 301 generates at least one auxiliary output
value, which indicates at least one bit of stage output values of
subsequent stages 302-30N not affected by the correction
number P, 1.e. the value of the correction number 1s zero.
Thus, 1n addition to the stage output value d_,, the first stage
301 also generates an auxiliary output value d., with a look-
ahead module thereof.

The auxiliary output value d,, corresponding to the second
stage 302 1s then delivered to the gain error correction module
320, and the gain error correction module 320 estimates the
gain error of the first stage 301 according to the auxiliary
output valued_, in addition to the stage output values d_,~d ...
The gain error correction module 320 first generates a
welghted sum according to the stage output values d_,~d_,,of
the subsequent stages 302-30N. The conventional gain error
correction module 120 of FIG. 1 directly estimates the gain
error according to the weighted sum. The gain error correc-
tion module 320 of the invention, however, cancels a portion
corresponding to auxiliary output value d., from the weighted
sum to obtain a remainder value, and then estimates the gain
error of the first stage 301 according to the remainder value.
Compared to the original weighted sum, the remainder value
comprises more information about the gain error, and the gain
error estimate converges more rapidly to a predetermined
threshold. Thus, to estimate the gain error with a predeter-
mined precision, the gain error correction module 320
requires fewer samples, reducing signal processing latency.

FIG. 4 1s a block diagram of a first stage 301 of the pipe-
lined ADC 300 of FIG. 3 according to the invention. The first
stage 301 comprises a sample and hold module 402, a sub
ADC 404, an adder 406, a sub DAC 408, a subtractor 410, an
amplifier 412, and a look-ahead module 420. Except for the
look-ahead module 420, functions of the other modules ofthe
first stage 301 are similar to those of the corresponding mod-
ules of the first stage 101 of FIG. 2. After the sub ADC 404
generates a stage output value d_,, the look-ahead module
420 generates an auxiliary output value d., according to the
stage output value d_, and the stage input signal V, .




US 7,592,938 B2

S

The look-ahead module 420 comprises a reference voltage
selector 422 and a sub ADC 424. The reference voltage selec-
tor determines multiple reterence voltages V, -according to
the stage output value d_; of the first stage 301. The sub ADC
424 then compares the stage input signal V, with the refer-
ence voltages V, . to obtain the auxiliary output value d,,
corresponding to the subsequent stage 302. In one embodi-
ment, the reference voltage selector 422 1s a lookup table with
an input of the stage output value d_, and an output of multiple
reference voltage values V.

More bits the auxiliary output value generated according to
the stage output value d_, and the stage input signal vV looks
ahead, more rapidly the gain error estimate converges, and
fewer samples are required to obtain a gain error estimate
with predetermined precision.

While the stage 301 processes the stage output value d_,
according to the correction number P, , the correction number
P, must be converted to an analog signal amplified to a signal
level corresponding to the stage output value d_,. Generally,
a capacitor with capacitance C 1s used to adjust the signal
level of the correction number P,. If the level range of the
stage input signal 1s between —Vr and Vr, and the level of the
correction number P, 1s intended to be —Vr/4 or Vr/4, thus a
capacitor with the capacitance C/4 can be used to adjust the
signal level of the correction number P, to -V1/4 or Vr/4.

FIG. 5 shows a component circuit 500 of a gain error 1n a
conventional gain error correction module 120 of FIG. 1. The
component circuit 300 comprises an estimation circuit 520, a
multiplier 508, and a subtractor 510. The estimation circuit
520 comprises a multiplier 502, a summation module 504,
and an error estimation module 506. The estimation circuit
520 derives a gain error estimate € from a weighted sum
generated by the gain error correction module 120, and the
subtractor 510 then eliminates a portion P,[n]xe from the
weighted sum. The gain error correction module 120 first
generates a weighted sum according to the stage output values
d_,~d_n of subsequent stages 102~10N of the first stage 101.
In one embodiment, the weighted sum 1s generated according
to the following algorithm:

(1)

wherein A 1s the weighted sum, G 1s a predetermined gain
value of the stages, (N-1) 1s a number of the subsequent
stages 102~10N ofthe first stage, andd,», dys, . . ., d, a1y @nd
d_., are respectively the stage output values of the subsequent
stages 102~10N. The weighted sum A 1s expressed as (U[n]+
e %P [n]) of FIG. 6, wherein €___ 1s the exact gain error,
P,[n] 1s the correction number, U[n] 1s a portion not atiected
by the correction number, and n 1s a sample index. The esti-
mation circuit 520 of the gain error correction module 120
then derives the gain error estimate € from the weighted sum
A according to the following algorithm:

A=d oxG" P 4d 3 x G P+ A+d v X GHd Ly

£ = % XHZK; ;‘l[g] (2)
— % v ”ZK; Uln] +;j;]x P, [n]
D o)
) L e
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wherein K 1s a number of accumulated samples. Because

P,[n] 1s randomly generated and U[n] 1s 1n no way related
with P,[n], the term

ZK: Uln]
Py [n]

n=1

converges to zero when the sample number K approaches a
large number, and the error estimate € 1s obtained.

To obtain an error estimate € with precision, however, a
great number of samples are required for the algorithm (2) to
converge, causing latency in signal processing. If the number
of samples 1s reduced, the algorithm (2) does not converge
and the obtained error estimate € 1s not precise. To solve the
problem, the gain error correction module 320 provided by
the imnvention cancels a portion corresponding to the auxiliary
output values d., from the weighted sum A to obtain a remain-
der value, and then derives an error estimate € of the gain
value of the first stage 301 according to the remainder value.
Thus, the error estimate e converges more rapidly.

The gain error correction module 320 first generates a
weighted sum A according to the algorithm (1), and then
generates an auxiliary portion B according to the auxihary
output value d.,. The auxiliary portion B 1s calculated accord-
ing to the following algorithm:

B=dxG"%; (3)
wherein B 1s the auxiliary portion, G 1s a predetermined gain
value of the stages, (N-2) 1s a number of the subsequent
stages 303~30N of the second stage 302, and d., 1s the aux-
iliary output value generated by a look-ahead module or zero
if not generated. The gain error correction module 320 then
subtracts the auxiliary portion B from the weighted sum A to
obtain the remainder value. The gain error correction module
320 then derives the error estimate € according to the follow-
ing algorithm:

(4)

1 & Alnl - Bln)
=% X2 P

n=1

i (U[n] — B[R)) + €4 X P1[1]
P\ |n]

X

1
K

n=1

+ EEIH)

=] =

R, Uln] - Bln)
- X;( Pi[n]
%y (Uln] - Bln]
- P[]

272

n=1

+ EE'ILI)

Aln] 1s derived from the stage output values d_,~d_,;
aifected by the correction number P,[n], and B[n] 1s corre-
spondingly dernived from the auxiliary output value d., not
affected by the correction number P,[n]. Because A[n] and

B[n] are correspondingly generated, the a major portion of
Aln] not affected by the correction number P, [n] 1s cancelled
by B[n], and the term (U[n]-B[n]) 1n the algorithm (4) 1s
reduced to a small value compared with the term U[n] 1n the
algorithm (2). Thus, the term




US 7,592,938 B2

Z": Uln] — Bln)
P [n]

n=1

of the algorithm (4) converges more rapidly than the term

ZK: Uln)
Py [n]

n=1

of the algorithm (2), and the gain error correction module 320
requires fewer samples to obtain an error estimate € with the
same precision.

The performance of the pipelined ADC 100 and 300 of
FIGS. 1 and 3 are compared 1n the following. The gain error
correction modules 120 and 320 may estimate the gain errors
of the first stages 101 and 301 with the same number of
samples. Because the gain error estimated by the gain error
correction modules 320 converges more rapidly, the gain
error correction modules 320 obtains the gain error with
greater precision, and the digital output signal D_ _ generated
according to the gain error 1s more accurate. Thus, the digital
output signal D___ generated by the pipelined ADC 300 with
a look-ahead module has a higher ENOB than that of the
digital output signal D__ . generated by the conventional ADC
100.

Although only the gain error of the first stage 1s estimated
of FIG. 3, a gain error correction module can estimate gain
errors ol other stages 1n a similar way. FIG. 6 shows a pipe-
lined ADC 600 estimating gain errors of more than one stage
therein according to the invention. A gain error correction
module 620 delivers different correction numbers P, ~P,,_, to
stages 601~60(N-1). Because they all have a look-ahead
module, the stages 601~60(IN-1) respectively generate stage
output values d,,—d,_,,, and also generates auxiliary out-
put values d.,~d.. corresponding to a subsequent stage
thereotf. The gain error correction module 620 then estimates
the gain errors of the stages 601~60(IN-1) according to both
the stage output values d_,~d_ ., and the auxiliary output val-
ues d.,~d. A

Although the gain error estimation method provided by the
invention 1s 1llustrated with examples of pipelined ADCs, the
method can be applied to cyclic ADCs. Referring to FI1G. 7, a
block diagram of a cyclic ADC 700 according to the invention
1s shown. The cyclic ADC 700 comprises two sample and
hold circuits 702 and 734, a switch 732, and a physical stage
circuit 730 with a structure similar to the stage 301 of the
pipelined ADC 300. Although the cyclic ADC 700 has a
plurality of logical stages, the stages of the cyclic ADC 700
share only one physical circuit 730. Thus, the physical stage
circuit 730 processes mput signals of logical cyclic ADC
stages by time division multiplexing. For example, the switch
732 may periodically switch between nodes 736 and 738 to
transmits a feed back of a stage output signal R and an input
signal V. respectively stored 1n the sample and hold circuits
702 and 734 to the physical stage circuit 730 for processing.
The physical stage circuit 730 comprises a look ahead module
720 deriving an auxiliary output value d,, , corresponding
to a subsequent logical stage. A gain error correction module
of the cyclic ADC 700 can then estimate the gain errors of the
logical stages thereol according to both the stage output val-
ues d,, and the auxiliary output value d,;.,,, according to

equations (1), (3), and (4).
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Although the embodiments of FIGS. 3 and 4 calibrate the
gain error of the first stage 301 of the pipelined ADC 300, the
look ahead module 420 can be applied to any stage of the
pipelined ADC 300 to generate the auxiliary output value.
The gain error correction module 320 of FIG. 3 can therefore
perform gain error estimation of any stage according to the
auxiliary output value with a high convergence speed, thus
improving performance of the pipelined ADC 300.

While the invention has been described by way of example
and 1n terms of preferred embodiment, it 1s to be understood
that the invention 1s not limited thereto. To the contrary, 1t 1s
intended to cover various modifications and similar arrange-
ments (as would be apparent to those skilled in the art).
Therefore, the scope of the appended claims should be
accorded the broadest iterpretation so as to encompass all
such modifications and similar arrangements.

What 1s claimed 1s:

1. An analog-to-digital converter (ADC), comprising:

a plurality of stages connected 1n series, each deriving a
stage output value from a stage input signal and gener-
ating a stage output signal as the stage input signal of a
subsequent stage, wherein one of the stages 1s selected as
a target stage for estimating a gain value thereof,

a gain error correction module coupled to the stages, deliv-
ering a correction number to the target stage to affect the
stage output signal of the target stage and the stage
output values of subsequent stages of the target stage,
receiving at least one auxiliary output value from a look-
ahead module dedicated to the target stage, and deriving
an error estimate of the gain value of the target stage
from the stage output values and the auxiliary output
value; and

a look-ahead module, coupled to the target stage and the
gain error correction module, generating the auxiliary
output value according to the stage output value of the
target stage, wherein the auxiliary output value 1s not
affected by the correction number.

2. The analog-to-digital converter as claimed 1n claim 1,
wherein the gain error correction module generates a
welghted sum according to the stage output values of the
subsequent stages of the target stage, subtracts an auxiliary
portion corresponding to the auxiliary output value from the
weilghted sum to obtain a remainder value, and derives the
error estimate of the gain value of the target stage according to
the remainder value.

3. The analog-to-digital converter as claimed 1n claim 2,
wherein to derive the error estimate of the gain value of the
target stage according to the remainder value, the gain error
correction module further divides the remainder value by the
correction number to obtain a quotient value, and accumu-
lates the quotient value to obtain the error estimate of the gain
value of the target stage.

4. The analog-to-digital converter as claimed in claim 3,
wherein the gain error correction module generates the
weilghted sum according to the following algorithm:

A=d x G 24d a3 x GV P Atd, o XG4 3

wherein A 1s the weighted sum, G 1s a predetermined gain
value of the stages, (N-1) 1s a number of the subsequent
stages of the target stage, and d 5, d, 3, . . ., d vy, and
d_n- are respectively the stage output values of the sub-

o

sequent stages;

and the gain error correction module generates the auxil-
1ary portion according to the following algorithm:

B=d xG";
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wherein B 1s the auxiliary portion, G 1s a predetermined
gain value of the stages, (N-1) 1s a number of the sub-
sequent stages of the target stage, and d , 1s the auxiliary
output value generated by the look-ahead module or zero
if not generated.
5. The analog-to-digital converter as claimed 1n claim 4,
wherein the gain error correction value generates the error
estimate according to the following algorithm:

wherein € 1s the error estimate, A 1s the weighted sum, B 1s
the auxiliary portion, P 1s the correction number, n 1s a
sample index, and K 1s a number of accumulated
samples.

6. The analog-to-digital converter as claimed 1n claim 1,
wherein each of the stages subtracts the stage output value
from the stage input signal to generate a residual signal, and
amplifies the residual signal to obtain the stage output signal,
and the residual signal of the target stage 1s processed accord-
ing to the correction number before being amplified.

7. The analog-to-digital converter as claimed in claim 6,
wherein the target stage comprises:

a sub ADC, digitizing the stage mput signal of the target

stage to generate the stage output value;

an adder, coupled to the sub ADC, adding the correction
number to the stage output value to obtain a sum value;

a sub DAC, coupled to the adder, converting the sum value
from digital to analog to generate a sum signal;

a subtractor, subtracting the sum signal {from the stage input
signal to obtain the residual signal; and

an amplifier, amplitying the residual signal according to
the gain value to generate the stage output signal of the
target stage.

8. The analog-to-digital converter as claimed in claim 1,
wherein the analog-to-digital converter converts an analog,
input signal to a digital output signal, the analog input signal
1s the stage iput signal of a first stage of the stages, and the
stage output values collectively form the digital output signal.

9. The analog-to-digital converter as claimed in claim 1,
wherein the look-ahead module comprises:

a first reference voltage selector, determining a plurality of
first reference voltages according to the stage output
value of the target stage; and

a first sub ADC, coupled to the first reference voltage
selector, comparing the stage input signal of the target
stage with the first reference voltages to obtain the aux-
iliary output value.

10. The analog-to-digital converter as claimed 1n claim 1,

wherein the analog-to-digital converter 1s a pipelined ADC or
a cyclic ADC.

11. The analog-to-digital converter as claimed 1n claim 1,
wherein the target stage comprises a capacitor adjusting a
voltage range of the correction number to a quarter of a
voltage range of the stage input signal of the target stage.

12. A method of gain error calibration in an analog-to-
digital converter (ADC), wherein the analog-to-digital con-
verter comprises a plurality of stages connected 1n series,
cach derving a stage output value from a stage input signal
and generating a stage output signal as the stage input signal
ol a subsequent stage, wherein the stage output signal of a
target stage selected from the stages 1s generated according to
a correction number, the method comprising:
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generating at least one auxiliary output value according to
the stage output value of the target stage, wherein the
auxiliary output value 1s not affected by the correction
number;

generating a weighted sum according to the stage output
values of subsequent stages of the target stage;

subtracting an auxiliary portion corresponding to the aux-
iliary output value from the weighted sum to obtain a
remainder value; and

deriving an error estimate of a gain value of the target stage
according to the remainder value.

13. The method of gain error calibration 1n an ADC as
claimed 1n claim 12, wherein the ADC converts an analog
input signal to a digital output signal, the analog 1nput signal
1s the stage mput signal of a first stage of the stages, and the
stage output values collectively form the digital output signal.

14. The method of gain error calibration 1 an ADC as
claimed 1n claim 12, wherein the target stage comprises:

a sub ADC, digitizing the stage input signal of the target
stage to generate the stage output value;

an adder, coupled to the sub ADC, adding the correction
number to the stage output value to obtain a sum value;

a sub DAC, coupled to the adder, converting the sum value
from digital to analog to generate a sum signal;

a subtractor, subtracting the sum signal {rom the stage input
signal to obtain a residual signal; and

an amplifier, amplitying the residual signal according to
the gain value to generate the stage output signal of the
target stage.

15. The method of gain error calibration 1 an ADC as
claimed in claim 12, wherein generation of the auxiliary
output value comprises:

determiming a plurality of first reference voltages accord-
ing to the stage output value of the target stage; and

comparing the stage input signal of the target stage with the
first reference voltages to obtain the auxiliary output
value.

16. The method of gain error calibration 1n an ADC as
claimed 1n claim 12, wherein derivation of the error estimate
COmMprises:

dividing the remainder value by the correction number to
obtain a quotient value; and

accumulating the quotient value to obtain the error estimate
of the gain value of the target stage.

17. The method of gain error calibration 1 an ADC as
claimed 1n claim 16, wherein the weighted sum 1s generated
according to the following algorithm:

A=d o x GV +d 3 x G+ A+d 1 )G+ s

wherein A 1s the weighted sum, G 1s a predetermined gain
value of the stages, (N—1) 1s a number of the subsequent
stages of the target stage, and d ,, dos, . . ., d, -1y, and
d_,, are respectively the stage output values of the sub-
sequent stages;

and the auxiliary portion i1s generated according to the
following algorithm:

B=d xG";

wherein B 1s the auxiliary portion, G 1s a predetermined
gain value of the stages, (N-1) 1s a number of the sub-
sequent stages of the target stage, and d_, 1s the auxiliary
output value.

18. The method of gain error calibration 1 an ADC as
claimed 1n claim 17, wherein the error estimate 1s generated
according to the following algorithm:
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1 & Alrl - Blnl
o= %X, Pln]

n=1

wherein € 1s the error estimate, A 1s the weighted sum, B 1s the
auxiliary portion, P 1s the correction number, n 1s a sample
index, and K 1s a number of accumulated samples.

12

19. The method of gain error calibration 1n an ADC as
claimed in claim 12, wherein the analog-to-digital converter
1s a pipelined ADC or a cyclic ADC.

20. The method of gain error calibration i an ADC as
claimed in claim 12, wherein the method further comprises
adjusting a voltage range of the correction number to a quarter
of a voltage range of the stage input signal of the target stage
with a capacitor.
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